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Absiraq

The Russian technical specialists of Krasnava
Zvezda (Red Star) and Kurchatov Insttute of
Atomic Energy (KIAE) of Moscow were tasked
in the early 1970's to develop a compact.
transportable power system that would work
reliably and autoncmously at remote locations.
The original system specifications required that it
be able 10 operate for several years without
maintenance in sea waler at a depth of 6 km. To
meet these requirements the Russia specialists
designed a compact nuciear system with water
coolant coupled to a thermoelectric power
conversion subsystem. The goal was 10 design a
system that was scalable from 300 kWth to 300
MWith.

A proot-of-principle system. the GAMMA
reactor svsiem. was design.d. constructed and
tested at KIAE. The system construction was
completed in 1981 and testing began the same
year. The GAMMA reactor system is still
operational today. The follow-on sysiem for
remote sites is the ELENA reactor system. [t
has not been built, but the final assembly
drawings bave been completed and are ready to be
used. The ELENA was designed (o provide both
direct electric power and local space heating. [t
can also be used for desalination. The design of
the ELENA meets post-Chernobyl safety
requiren:ents and includes features to assure its
safety under autonomous operation. This paper
provides an overview of the GAMMA and
ELENA power systems including their design
criteria, testing, and transportation to remote
sites. And includes discussion on an evaluation
and technology transter program that could make
this system available for use throughout the
world.
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Inoduction

The Russian technical speciali ts at Krasnaya
Zvezda and Kurchatov Institute of Atomic Energy
(KIAE) have desipgned and tested a prototype of a
compact transportable power system that works
rcliably and autonomously at remote locations.
The GAMMA reactor system is the prototype
that has been built and tested at KIAE. The
GAMMA was designed as a proof-of-principle
unit for an undersea power plant. The tollow-on
system, the ELENA, has been designed for
operation at remote sites o provide power and
locat heating. The assembly drawings of the
ELENA have been completed. and are ready for
fabrication and testing of the system. The
ELENA system was designed with inherent
safely features to ensure it remains in a safe
configuration under any condition.

This paper provides an overview of the GAMMA
reactor system and its operation. the design
requirements for the ELENA reactor. and a
discussion of the technology transter program
that could make this system available for use
throughout the worid.

In the early 1970°s the Russian specialists were
tasked to develop a highly reliable power source
that could operate within the ocean to a depth of
6 km for several years without field service. The
primary design principles of the GAMMA reactor
system were:

1. natural circulation and seli-regulation
of the reactor and secondary coolant
loaps,

2. an inherent negative reactor
temperature coefticient.



3. steady-state reactor operaton without
active control at nominal power.

4. slatic power COnversion.

5. 10.000 hours of auvtonomous
operauon.

6. a reducuon of temperature no grealer
than 8-10°C for 5 vears of operaton.
and

7. a thermal power range scalable from
300 kWih o 300 MWih.

The GAMMA reactor system is designed to
provide electnicity for etther remote villages or
underwater operations. The oulpul characlensucs
can be optimized for heating. as well as the
production of elecuncity dependent upon the
requirements.

GAMMA R g Operatine His

A proof-of-principle reactor system. the
GAMMA, completed manulacturing and beean
testing at the KIAE in 1981. It produces 6.6
kWe at a thermal power ot 220 kWth. The
system is designed to be able to deliver 28, 110
or 220 volts of electric power. Thermoclecuric
(TE) power conversion was selected due 10 its
inherent long-term stability and high reliability.
The TE power conversion umits were based upon
the design and test dawa obtained at KIAE as pan
of the Romashka space reactor system
development during the mid-1960s. The
GAMMA system 1s 6 m diameter by 10 m high.
A >chematic of the GAMNMIA reactor system ix
shown Figure 1.

Preliminary tests on the GAMMA reactor systemn
were completed to ensure the reactor was stable
during power (ransients or from external
disturbances such load changes. Overall a large
number of experiments were comp.eted on the
unit, including invesugating the etfect of the load
on the performance of the TE power conversion
and the asscciated feedback on the reactor. The
Russian specialists checked their experimental
data against computer calculations to develop an
analviical basis.

To present the GAMMA has operated for more
than 10,000 hours at uominal power. It has
provided the proot-of-panciple tor the tollow-on
ELENA reactor system.

GAMMA Reacior S stem Descripi
The GAMMA reactor system and power

conversion system operate in a pool ol water
which conducuvity removes the waste heat from

the svsiem. Thesre 15 roughly twenty feet of
water from the top of the reactor versel 1o the op
of the water in the pool.

The reactor svstem uses water as both the
pnmary and secondary coolant. The coolant tiom
the reactor outlet goes directly to the TE power
conversion and heat exchanger units. There are a
total of twenty-tour TE power conversion
modules located above the reactor core and are
arranged in a circular pattern around the cutside of
the reactor vessel. The coolant heats the hot-side
of the TE power conversion on the inside of the
coolant flow path and the TE cold-side is cooled
by the pooi of water. The coolani is pressurized
and does not boil.

There are no pumps in the pnmarily coolant
loop. rathe- the heat is transter by natural
circulanon. Iniually there was some problem
with air sagnation af the op ot the TE power
conversion-to-heat exchanger untts. but the
Russian technical specialists believe they have
solved this problem.

The reactor is fueled by uranium-dioxide (UO2)
enriched to ~20% U-235. The enrichment level
was chosen to ensure L was below the level of
concert for ronproliferaton. The power density
in the reactor core is very low. The system is
designed for 10 years of operation without
refueling,

ELENA Reactor System

The reactor systemr was named ELENA atter the
first remote site that the system was 1o be
operated. The ELENA system has not been built
or tested. but the technology iy based on the
principles and the operation of the GAMMA
reactor. [t was designed specificaliy to provide
clecric power and district heating for remoie
villages or locations,

The baseline design of the ELENA reactor
system is to produce 40 kWe at 3 MWith,
although the design can be scaled 10 produce
higher power dependent upon the intended
location and use. Of the Y0 kWe produced. 20
kWe is used to operate the system and 70 kWe is
available to the user. The IE power conversion
sysiem has low electrical converston efticiency,
and the waste heat is used for distnict heating,
The electrical power output versus thie excess
heat for district heating can be optimized for the
specific location and use. Table 1 provides a
listing o1 the key parameters tor the ELENA
reactor.



The reactor thermal power is kept constant and
does not vary with the electrical load. There are
two options tor conwrolling the electrical power
output 1. use shunt resisters. or 2. to short
circuit the TEs. Both of these have been
analvzed by the Russians. but no final decision
has been made as to which option should he
used. They believe the decision should be
dependent upon the specific electnc loads. Two
other options are to attach the third loop o a
natural draft cooling tower. or to use it to heat
green houses.

Coolant Sysiem

The ELENA has three water coolant loops: the
primary coolant loop that goes trom the reactor
10 the hot-side of the TE power conversion, une
secondary coolant loop which removes the excess
heat trom the cold-side of the TE power
conversion and the third coolant loop which tikes
the excess heat external 10 the plant tor disunct
heating. The compiete reactor system is
fabricated from stainless sieel. The temperature
of the water within the third loop is ~100<C. If
the temperature to the heat supply is dropped by
10°C, then the output power of the sysiem
doubles. The power level is primarily dependent
upon the temperature of the third loop. A
schematic of the ELENA system is shown in
Figure 2.

The heat .s transferred from the reactor core (0 the
power conversion units by natural circuiation.
The typical operating parameters of the pnmary
coolant loop are 150 10 200 kg/cml pressure and
300 reactor ialet and 330°C outlet temperaures.
The secondary coolant loop transters heat via
nawral ci-culation and it serves as a biological
shield. The typical operating parameters tor the
secondary coolant loop are 1 to 2 kg/cm2
pressure and temperature difference of 80 to Y5°C.
The third coolant loop operates at 3 to 4 kg/cm2
pressure and 70°C to Y0°C temperature inlet and
outet.

P Conversi

The ELENA reactor system is designed with 290
tubular TEE power conversion clements within
cight power conversion (0 heat exchanger units
placed outside of the top periphery of the core.
The GAMMA reactor system TE power
conversion svstem were fabricated within
Sukhumi. Georgia but future clements could be
tabricated within Russian or the (1.5,

The TE clements are made from Bismuth-
Tellurium-Seleniuin.  Based upon the esung
completed or: the GAMMA reactor system the
Russian specialists estumate 109 degradation of
the performance of the TE power conversion over
twenty-tive years of operation. Component-level
testing of the TE units have been done for up to
150.000 hours in a nonreactor. i.¢. nonradiation
environment. at Sukhumi and for 11.000 hours
as part of the GAMMA reactor system test
program. The TE power conversion have heen
tested 1o flux levels of up 0 101Y nicme-sec
withouwt significani degradation. where the actual
operational flux levels for the ELENA reactor
system are anucipated (o be 105 w/em?-sec.

R Descricii | Opeci

The ELENA reactor does not require an operator
during nominal power operauon duriny the
litetime of the plant. Operziors are required for
assembly. startup and to begin nominal
operation. There are no valves or mechanical
parts which require maintenance over the
operation of the plant. There is no requirement
for refueling of the system over the twenty-five
years of operation.

Once operational the ELENA depends upon
natural processes (0 maintain the reactor power
without the actuation of control rods. The
control and safety system. including the control
rods. control drive mechanisms. sensors, elc. are
used only for the startup of the reactor, or tor
times that the reactor may scram and have to be
shutdown. The control and safety are designed (o
fail sote.

The reactor startup is done by measuring the
neutron tlux and calculating the reactor period.
The reactor outet temperature and the pressure in
the coolant loop will be monitored. but do not
provide feedback through the control loop during
startup. Startup is done by an on-site operator
who can leave the site once steady-state power
has been obtained. The plan was to have a single
operator at a control site where the operation of
roughly six of these power systems at different
remote sites would provide operatonal data. If
there were a problem. the information would be
sent to the operator.  To operate the poison rods
are pulled completely from the core, and are never
inserted during nominal operation. The poison
rods are available for scsamming the reactor if
their is a problem.

The plant emergency protection sysiem would
inonitor the plant during operation. and would be



capable of scramming it the opcrating paramelers
were outside specified values.  There are six
clusters each with twenty potson rods. Four out
of the six clusters can shut the reactor down, .\
signal is sent from the piant protection system o
scram the rods and they are driven 1 by spnngs.
If their is a failure in the electrical circutry the
rods are dropped into the care by gravuy. I the
sysiem does scram. an operator 1s required on-siie
to restan the reactor. The monitoring system
uses the neutron power, the pressure, and
temperature. There are three measuiement
channels lor each of the above parameters. [f two
of the three channels exceed specified values the
reactor will be scrammed.

The reactor core has standard Russian VVER-
1000 fuel elements with UOZ2 fuel clad in
zircalloy. The reacior is designed with a negauve
temperature coetficient over the complete range
of operation. The fuel bumup 15 compensated v
shght decreases in the coolant temperature os er
the operating lifetime and the burnup ot the
gadolinium bumable poison. Theretore. the
initial amount of excess recacuvity can be low.

L ST
The mass of the ELENA system assembled is

213,145 kgs (235 ons), or 147.841 kgs 1163
tons) dry weight. The mass of the coolant in the

{irst loop is 3628 kgs (4 tons), and the mass of

the coolant in the secondary loop is 61.676 kgs
(68 ons). The reactor system can be broken into
two parts for shipment. It is possible o fuel the
svsiem on-site. thereby eliminating problems
associated with shipping a tueled reactor. The
vessel head of the system can be removed. Some
on-site welding would be required. The plant 1y
~5 meters in diameter with a beight of 1) meters.
It does not require a large work torce to assembly
and begin operation of the plant.

The unit can be decommissioned and moved one
to 1.5 months after it has been shutdown. The
1102 fuel can removed and put into a shipping

coitainer a bundle at a time. The diameter of

each fuel bundle is 7.0 cm and the length is 2 m.
There are two options in decommissioning the
stainless steel balance-of-planc: 1. it can remitn
in place for two vears. be disassembled and
packaged according to safety procedures., or 2.
disassembled soon shutdown with more stningent
safety procedures.

fhe ELENA was designed arter the Chemaobyl
accident and theretore satety was considered ot
utmost unportance 1 the design ot this system.
The Russian technical specialists have analvzed
same potential accident scenarios and have not
idenutied any that would result in the release of
fission products or tuel melung. Because the
specific power in the acuve core is so low. 7
kWih/liter. the Russian specialists are not
concerned about a loss of coolant accident. The
Russian specialists believe that natweral
circulaton is adequate to cool and maitain the
inlegrnity of the core under any conditions. The
primary coolant loop is completely contained
within the secondary coolant loop and provides a
sccondary barrier. If the ELENA svstem is
placed approximately 20 10 25 meters
underground there would be no increase in
radiation at the eround level while the plant was
operaung,

- w Transte yor:

If the vafety and performance claims tor the
ELENA concept can be contirmed and
independently validated then it could prove to be
4 valuable district heaung or desalination and
elecuric power supply tor many remove villages.
industrial and scientific sites throughout the
world. A practical and realistic approach to
accomplishing this independent validauon is to
centify a standard design with the ULS. Nuclear
Regulatory Committee (NRO). 1t is necessary o
establish a U.S. industrial partner with Russia to
proceed with an application for NR( ceratication
applicauon.

Key to developing interests and implementing
the inital evaluations is contirming a market
potential that would jusiify the invesument. A
three step approach is underway: 1) assess the
worldwide potetial for using the ELENA
voncept in vanous remote sites. China alone has
30.000 villages that could benelit if a suitable
system were available. 2), conduct the wechnical
and cost assessments. possibly through a join
DOL laboralory, Russian institute and U.S.
itdustrial partnership, and 3). if the initial
ctiorts prove positive for 1S, commercial
nterest a plan of supply and certification could
be implemented.

The GAMMA system is designed 1o provide
power for pimanily underwiter applications and



the Elena reactor system can provide power tor
remoee sites.  The GAMMA svstiem has been
tested at the KIAE and the operanng parameiers
have been verified.  Further study ot these
svstems is recommended for site specific
applications. [n particular. turther analysis

should be complewed on site reguirements,

uptimization ot the plants to produce elecirical
power versus local space heatne  compleuon of
& plan 1o tabricate and assembie the system at a
remote site. and a complete safety assessment
consistent with the U.S. NRC requirements,

N

Lifetime 1 25 vears without retueling

Thermal Power | I MWth .
Electric Power 2 kWe |
Plant Operating Power 20 kWe :
Fuel Material Uo2 i
Fuel Enrichment <20% {i-238 ;
Fuel Mass 160-190 kes

Maximum Operating . <HN)°C
| Temperature of UU02
Maximum Temperature < 1000°C
of UO2 Under Accident : j
Conditions 5 :
Reactivity I Negative wemperature coetficient and Gd - _i
Compensation buinable poison | :
Reactor Power Densitv 7 kWi/liter |

Plant Protection System

Six clusters with 20 poisons rods each tor

Four out ot six can

scram only shut the reactor down
Monitoring System Neuwon power. prersure and temperature 3 channels per 5
_parameter

System Material

Similar to 1.8, ~316 8§

Conversion Urits

exchanger units

Coolant Circulation

Number of coolant loops _ 3
Coolant Waltcr
Loop 1*: 150 to 200 kg/cm= 300 and 330°C 4 1ons
PressunyTemperawre/ | |
Volume of Coolant ' i ‘ i
Loop 2*: I 1 2 kg/emn= ! 80 10 95°C 5 68 tons |
Pressure/Temperature/ !
Volume of Coolant '
Loop 3*: 3o 4 k em= 90°C and 70°C |
Pressvre/Temperature/ N |
Volume of Coolant i
Power Conversion Bi-Te-Se Thermoclectric Elements ! B
Number of Power 290 tubular TE clemeuts within 8 heat i

]

|

National circulation in Loops | and 2.
Loop 3 is pumped for local space heating.

Cost

Dependent upon location

*The loop sperating parameters will change dependent upon the badance petween required eiectricid power
output and local space heating.
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Figure 2: GCLENA Reactor System Schematic.
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